Nano-and microcapsules engineered through layer-by-layer (LbL) assembly are finding an increasingly large number of applications as catalysts, electrochemical biosensors, bioreactors, artificial cells and drug delivery vehicles. While centrifugation-based LbL assembly is the most common method for coating template particles and preparing capsules, it is a batch process and requires frequent intervention that renders the system challenging to automate and scale up.
INTRODUCTION
Layer-by-layer (LbL) assembly has drawn growing scientific interest over the past two decades as a versatile approach to assemble functional polymeric nanofilms on a wide range of templates.
1,2 While centrifugation-based LbL assembly has a broad toolkit with regard to choice of templates (e.g., gold, 3 spin assembly, 12 atomization, 13 immobilization, 14 microfluidic assembly, 15 and electrophoretic assembly. 16 However, these techniques often reduce the diversity of applicable materials and particles that can be employed, or tend to introduce complex and specialized equipment, or reduce the potential for scaling up production. 2 Recently, we reported the concept of fluidizing particle templates in a cylindrical fluidized bed (CFB) for rapid and versatile layering. 17 While the fabrication of 30 -50 μm microcapsules in relatively large quantities was successful, fluidizing smaller-sized particles (~5 μm) was difficult due to entrainment at relatively high flow rates. Herein, we report the use of a tapered fluidized bed (TFB) for layering fluidized smaller particle templates and fabricating polymer capsules with controlled properties. TFBs have been widely applied in many industrial processes such as particle segregation, 18 combustion, 19 wastewater treatment, 20 and bioreactors. 21 Similar to a CFB, an upward flow of fluid is used to fluidize particle templates. Whereas CFBs have a constant 4 cross-sectional column, TFBs are in the form of a cone with small, cross-sectional entrances and a gradual expansion of cross-sectional area along the bed heights from the bottom to the top ( Figure 1 ). Therefore, there is a velocity gradient where the velocity of the fluid is relatively high at the bottom with decreasing velocity at the top, preventing the entrainment of small particles. 22 This velocity gradient circumvents the entrainment issue experienced when layering smaller particles using CFB, while also maintaining continuous layering and eliminating the need for centrifugation and washing steps common to centrifugation-based LbL assembly ( Figure 2 ).
Additionally, the material choice for fluidized bed layering was expanded by utilizing both electrostatic and hydrogen bonding complementary polymers, and the film properties were shown to be different from those prepared by centrifugation-based LbL assembly. Hence, TFB LbL assembly possesses the capability to: i) operate over a wide range of fluid velocities, ii) fluidize microparticles (~3 μm) at high flow rates with minimal entrainment, iii) facilitate the layering of polymers through electrostatic forces and hydrogen bonding, and iv) manipulate material properties such as film roughness, degree of swelling, and permeability. TFB LbL assembly therefore addresses key challenges associated with CFB LbL assembly, while retaining advantages such as ease-of-use, high amenability to automation, and potential for scale-up. LbL assembly. Centrifugation-based LbL assembly is a batch-wise process involving multiple centrifugation-wash steps and long incubation times, whereas TFB LbL assembly is an upward 6 flow process with fewer steps to achieve bilayer deposition, which eliminates the need for centrifugation-wash steps.
EXPERIMENTAL SECTION
Fluidization of Template Particles. Ultrapure water with a resistivity greater than 18 MΩ.cm, from an inline Millipore RiOs/Origin purification system, was used. 500 μL of particles (7 μm silica, 5 wt %) from Microparticles GmbH, was added into the fluid bed column (1 cm in diameter NAP-5 column from GE Healthcare Life Sciences), and the pump (PHD2000 from Harvard Apparatus) flow rate was set to 1000 μL min -1 .
Experiments were performed with a tapered column, 10 mm in length, and an overall taper angle of 45º. The column size increased from 10 mm at the bottom to 30 mm at the top ( Figure   S1 ). 
Preparation of Thiol
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The polymer solution was injected into the loading tube using a syringe with the six-way valve set to "load", isolating the polymer solution from the flow of water. 2 mL of polymer solution was loaded through the 1 mL tube to minimize dilution of polymer solution. The valve was then set to "inject", diverting the flowing water through the polymer loading tube. The loaded polymer solution was then part of the flow stream and flowed through the fluidized bed. An additional 3 mL of ultrapure water was allowed to flow through the loading tube and fluidized bed to ensure that both were sufficiently washed before the valve was reset to "load" for the second polymer and the process was repeated until eight layers were deposited. water three times to ensure that the HF was fully removed.
Modified Reaction
Additional experimental details are available in the Supporting Information.
RESULTS AND DISCUSSION
Fluidization Performance of CFB and TFB. Firstly, we investigated the performance difference between CFB and TFB systems. The minimum fluidizing velocity (U MF ) is the minimum velocity at which a settled bed of particles can be fluidized and the terminal velocity (U T ) is the maximum velocity of a particle before it is lost from the fluidized bed due to entrainment. These velocities were calculated according to Richardson et al. 17 These values were for CFB and TFB systems. After fluidizing the particles for a minimum of 15 min, it was observed that the CFB system had a significant amount of particle loss whereas particles in the Table   S1 in Supporting Information for values. (Table S2 ).
The number of initial particles that were entrained was recorded by bright-field microscopy and 10 subsequently analyzed. washing volume were optimized. Layering was improved by using a higher polymer concentration (from 1 to 4 mg mL -1 ), resulting in the formation of some capsules, with polymer complexes, fragmented capsules and aggregation also present ( Figure S2b) . By decreasing the polymer injection flow rate (from 1000 to 100 µL min -1 ), which increases polymer-particle contact time (from 1 to 10 min), some deformed capsules and a large number of polymer complexes were formed ( Figure S2c ). As both lower polymer injection flow rate and higher polymer concentration showed improvements, we examined the synergistic effect of the combination of the two, which resulted in a vast improvement in the yield and quality of the capsules formed ( Figure S2d ). However, free polymer complexes could still be observed, which was attributed to an insufficient volume of washing fluid to remove free polymer from the TFB.
Finally, to determine if layering could be further improved, high polymer injection volume (from 1 to 2 mL) and washing buffer volume (from 3 to 5 mL) were employed in conjunction with high polymer concentration and low polymer injection flow rate ( Figure S2e ), which produced capsules closely resembling those assembled through centrifugation-based LbL assembly ( Figure   S2f ). Multilayered particles assembled with the modified TFB LbL assembly displayed characteristic alternating ξ-potentials after each successive layering of PAH and PSS (Figure 6b ).
The fluidized bed assembly provides a way of more rapidly depositing layers of polymer on particle templates, and is approximately three times quicker than centrifugation-based LbL assembly (10 min versus ~30 min per layer and wash). Hydrogen-Bonding Facilitated TFB LbL-Assembled Multilayers. After optimizing the layering conditions, we explored the versatility of TFB LbL assembly for depositing polymers through hydrogen bonding interactions. Commonly used hydrogen donor and acceptor polymers for LbL assembly include thiol-modified poly(methacrylic acid) (PMA SH ) and poly(Nvinylpyrrolidone) (PVPON), respectively. [24] [25] [26] This system is attractive, as it is stable at physiological pH (disulfide cross-linking), shows pH-responsive and tunable swelling, and has permeability and degradability properties that are dependent on the choice of cross-linker.
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PMA SH capsules are obtained by the sequential deposition of PMA SH and PVPON at moderately acidic solutions (pH 4), followed by the oxidation of thiol groups to form disulfide linkages, and removal of the silica core particles by hydrofluoric acid (HF). 27 Layering of (PVPON/PMA SH ) 4 The average minimum shell thickness of the film, consisting of eight PMA SH or PAH/PSS layers, corresponding to two superimposed capsule walls, was obtained from five capsules, as reported by Leporatti et al. 28 Table 1 shows that while three of the systems have similar film thicknesses, TFB LbL-assembled capsules displayed a significantly rougher surface morphology.
The minimum height yielded a thickness of 6.3 ± 1.5 and 7.2 ± 2.4 nm per single PMA SH layer for centrifugation-based and TFB LbL assembly, respectively, and 6.6 ± 1.3 nm per PAH/PSS bilayer for centrifugation-based LbL assembly. An average minimum thickness could not be determined for TFB LbL assembled (PAH/PSS) 4 capsules, as they did not exhibit creases and folds. This value is two-to four-fold higher than that of PAH/PSS 29 and PMA SH 30 capsules reported in the literature but still within the expected range for LbL-assembled capsules.
2,31,32
Root-mean-square (rms) roughness calculations over a 1.5 μm × 1.5 μm area, free of folds, are shown in Table 1 . Roughness measurements performed on TFB LbL-assembled capsules showed a value of ~40 nm. This value is larger than respective rms values obtained for centrifugation- (Figure 8 ). The pH value was changed subsequently by washing the capsules with the respective buffer solutions three times before measurement. PAH/PSS capsules assembled by centrifugation-based LbL and TFB LbL were not pH-responsive after repeated pH cycles from pH 4 to pH 7.4. As expected, this may be the result of the high degree of ionization 36 of PAH (pK a ~8.5) 37 and PSS (pK a ~1.0) 38, 39 at both acidic and neutral pHs.
Combined with the high salt concentration (0.5 M NaCl) in solution, electrostatic charges between segments along the polymer are highly screened, resulting in both polyions to acquire a random coil, globule-like conformation, 40 leading to a high degree of ionic cross-linking, making the interpenetrating polymer structure insensitive to swelling by pH. However, we note that pHsensitive swelling has been reported by Pechekin and co-workers under highly acidic conditions (e.g., in 2.5 M HCl). 
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The swelling behavior of PMA-based systems has been well documented in literature. 26, 42, 43 Due to the carboxyl groups on the backbone of the polymer, then undergo deprotonation at physiological pH (pH 7.4) causing electrostatic repulsion and resulting in swelling. 43 Interestingly, TFB LbL-assembled PMA SH capsules exhibited a lesser degree of swelling (~20%) compared with their centrifugation-based counterpart (~50%). As the degree of swelling is inversely related to the degree of cross-linking density, it may be inferred that TFB LbLassembled PMA SH capsules have a greater degree of cross-linking. The increase in film thickness and roughness also indicates a greater mass of polymer has been deposited through the TFB LbL process, resulting in a higher a degree of cross-linking between PMA SH chains and a corresponding reduction in film swelling. 44 Consequently, this also results in a higher degree of polymer interpenetration and lower chain mobility. showed no differences in permeability, whether they are assembled by TFB or centrifugationbased LbL assembly ( Figure 9 ). This is expected, as capsules with PAH/PSS templated on melamine formaldehyde (MF) particles are permeable to small molecules such as 6-carboxyfluorescein (6-CF) 46, 47 and FITC-PAH. 47 Moreover, even though TFB LbL-assembled PAH/PSS capsules displayed greater roughness and possibly thickness compared to their centrifugation-based LbL counterpart, it has been reported that film thickness up to (PAH/PSS) 9 showed little influence over permeability of the capsules over the time scale of minutes. 48 It is 18 understood that the underlying microstructure of the PAH/PSS film layered at pH ~7 and high salt concentration results in sufficient porosity to allow unhindered diffusion of molecules through the capsule shell. Nevertheless, the PAH/PSS system has demonstrated tunable permeability through changes in pH, 49 salt concentration 50 and solvent. 51 However, PMA SH capsules assembled by TFB LbL have reduced permeability compared to centrifugation-based LbL capsules with the molecular weight cutoff point reduced from 59-77 kDa to 20 kDa FITCdextran ( Figure S5 ), which is a critical size range for retention of therapeutic cargo, such as insulin hexamers and lipase. 52, 53 As already observed in the AFM data and swelling studies, TFB greater film thickness and roughness. Importantly, PMA SH capsules also exhibit less swelling at physiological pH and reduced permeability to fluorescently labeled dextrans, improving the capacity to encapsulate small (~20 kDa) molecules, which may be useful for applications ranging from biological sensing to controlled drug delivery of therapeutic cargo such as small proteins.
